Abstract: An all-fiber high power, blue-enhanced supercontinuum generation in a piece of uniform photonic crystal fiber pumped by a picosecond Yb-doped master oscillator power amplifier (MOPA) is experimentally demonstrated. The MOPA source is seeded by an actively dissipative soliton mode-locked Yb-doped fiber laser with a fundamental repetition rate of approximately 15.33 MHz and a large chirp. By introducing giant chirp to the seed pulses and optimizing the pump power in every stage of the MOPA, an SC with 30.6-W output average power and an extremely wide spectrum of 385 nm to beyond 2400 nm is obtained.
Introduction
Supercontinuum (SC) generation, which originates from a combination of nonlinear effects, such as self-phase modulation (SPM), the stimulated Raman scattering (SRS), and four wave mixing (FWM), has been an intensively researched topic over the past few years. Due to the advantages of broadband spectrum and compactness, optical fiber based supercontinuum sources, especially those with spectra covering visible to mid-infrared region, have been applied to various fields like wavelength division multiplexing, sensing and detection, micro-spectroscopy, etc. In particular, the visible part (390-780 nm) of the source has attractive applications relating to biophotonics [1] - [4] . Generally, the blue-enhanced or ultraviolet (UV) SC can be achieved efficiently by using tapered or special designed photonic crystal fiber (PCF), which means that the short wavelength edge that can be reached is around 400 nm [5] , [6] . Another effective way to generate an ultraviolet-enhanced SC is introducing large chirp to the pumped pulses of the PCF. Using this method, the shortest wavelength edge that can be obtained is 370∼380 nm [7] , [8] . However, all those SC laser sources often have relatively low average power (mW or W level), probably limited by the nonlinear effects (such as Raman effect) caused by high peak power of pulses launched into the PCF, which might introduce potential risk to the system. As for relatively high average power SC generation, numerous works also have been done. The output average power of those generated SCs is often higher than 30 W [9] - [16] . However, they cannot be seen as the blue-enhanced SCs, which means that the short wavelength edges can hardly reach <400 nm. And this probably dues to the lack of pulse energy that transferred to dispersive waves, which is considered to be the main reason to form the short-wavelength of the SC. Since there is a trade-off between high average power and blue-enhanced spectrum, a scheme to make a balance between them is highly desired in research fields.
Here, we report a high power, blue-enhanced, ultra-wide SC generation in a piece of uniform PCF pumped by a picosecond dissipative soliton (DS) Yb-doped fiber laser. The seed pulses are amplified through an all-fiber master oscillator power amplifier (MOPA) system. By introducing giant chirp to the seed pulses of the MOPA, and optimizing the pump power of every stage in the MOPA, the high average SC power of 30.6 W and the optical spectrum covering the whole visible and most of the near infrared (NIR) region (spanning from 385 nm to beyond 2400 nm) can be simultaneously obtained. This is the SC source that can generate the widest spectrum at ∼30 W average power using uniform PCF, to the best of our knowledge.
Experimental Setup
The experimental setup of the SC source consists of a seed laser, an all-fiber MOPA and a SC generation module, which is shown in Fig. 1 . The seed laser is an actively harmonic DS modelocked fiber laser with a fundamental pulse repetition rate of ∼15.33 MHz. A piece of ∼1.19 km SMF (XP-1060) is added after the seed laser to increase the chirp [8] . The MOPA is comprised of three preamplifiers and a main amplifier, whose key components are all clearly depicted in , and a zero-dispersion-wavelength of 1040 nm. And its dispersion curve and the attenuation curve are showed in Fig. 2 . The output of the PCF is spliced with a piece of 40 cm-long multi-mode fiber (62.5/125 µm) with an 8°angle cleaved facet serving as the end-cap, which effectively reduces back reflection and increases the PCF facet damage threshold. The output optical spectrum is measured by three optical spectrum analyzers (AQ6373, AQ6370B, AQ6375) simultaneously. The seed pulse duration is measured by an autocorrelator (FR-103XL). 
Experimental Results and Discussions

Chirped Seed Pulses Amplification and SC Generation Without the 1.19 km SMF
Under pump power of ∼320 mW, stable mode-locking of the seed laser is observed with an output power of ∼9 mW. The pulse train with an interval of ∼65.2 ns, corresponding to a repetition rate of ∼15.33 MHz, is clearly shown in Fig. 3(a) . The optical spectrum of the pulse centered at 1062 nm with 3.4 nm spectral bandwidth (3 dB) is also shown in the inset of Fig. 3(a) . The steep spectral edges indicate that the DS is obtained. The RF spectrum of the seed pulses at 15.33 MHz is shown in Fig. 3(b) . The signal-to-noise ratio (SNR) of more than 70 dB is observed, indicating the quite stable mode-locking.
The full width at half maximum (FWHM) of the seed pulse (blue solid line) is ∼20.4 ps, as is shown in Fig. 4 , and the time-bandwidth product (TBP) is calculated as ∼18.4, indicating that the seed pulse actually has a large chirp which is beneficial for blue-enhanced SC generation [7] . Besides, the seed pulse duration can be compressed to ∼7.6 ps (red dot line) using two blazed gratings (THORLABS, GR25-1210), which further proves that the DS seed pulse has a large chirp.
Because higher output power is more likely to generate a SC with wider spectra, and the main limitation of pulsed fiber laser power scaling is nonlinear effects such as SPM and stimulated Raman scattering (SRS) [17] , it is essential to suppress the nonlinear effects (especially SRS) in the MOPA for a higher output power. As the SRS threshold depends not only on the peak power density, but also on the effective fiber length of the main amplifier and the signal power coupled into the main amplifier [18] , two approaches are used to achieve this goal. The LMA-YDF used in the main amplifier is highly doped (8.7 dB/m absorption) and its length is precisely calculated (2.2 m); the signal power coupled into the main amplifier is carefully designed, keeping at a relatively low level, which is an effective way to increase the SRS threshold [19] .
In order to reduce the signal power coupled into the main amplifier, the pump powers of three preamplifiers are adjusted to a relatively low level: 300 mW, 1.2 W and 960 mW, respectively. The average power of the chirped seed pulses is amplified to ∼200 mW. Limited by the Raman effect during the amplification, it can only be amplified to ∼10.9 W through the main amplifier with the pump power of ∼26.1 W. The average output power of the MOPA as a function of the incident pump power is shown in Fig. 5 (blue line with squares), which shows that the amplification efficiency of the MOPA at the highest pump power level is ∼34.8%. The highest SC output power that can be achieved is ∼3.8 W, as depicted by the red line with triangles in Fig. 5 .
The generated SC covers the wavelength range from ∼418 nm to beyond 2400 nm, which is clearly shown in Fig. 6 . That is to say, the large-chirped DSs (i.e. the seed pulses) and the optimized pump power of MOPA are beneficial to a wide SC generation, especially for the broadening of SC in short wavelength range. However, there are still some aspects remain to be improved, e.g. the optical spectrum of generated SC cannot cover the whole visible region, the amplification efficiency of the MOPA is not high enough, and the SC output power is relatively low.
Giant-Chirped Seed Pulses Amplification and SC Generation With the 1.19 km SMF
Although the DS seed pulses has a large chirp, energies channeled into the dispersive waves are still not enough to generate a wider SC covering the whole visible region [20] . Therefore, a piece of 1.19 km-long SMF is added after the seed laser to introduce giant chirp to pulses launched into the amplifiers [7] . The pulse duration of the giant-chirped seed pulse is broadened and the peak power is reduced. Thus, the pump power can be increased to higher levels without Raman effect. Since the low amplification efficiency of the MOPA may be caused by the low efficiency in pump absorption, a method is used to solve this problem. The gain fiber in the main amplifier is coiled Fig. 6 . SC output spectrum with 3.8 W output power, seeded by large-chirped DSs. in a shape of kidney. The kidney shaped geometry may provide a better mode mixing in the pump core of the gain fiber, which is beneficial to increase pump absorption [21] . With further optimizing the pump power of preamplifiers (which makes the signal power launched into the main amplifier stay at a low level), the output power of the MOPA will be higher, leading to a wider SC.
The power of giant-chirped seed pulses is amplified to ∼280 mW through three preamplifiers, with the pump power of each stage of 300 mW, 820 mW and 2.2 W, respectively. The average power of giant-chirped pulses is amplified to ∼63.3 W by the main amplifier with the pump power of ∼98.6 W. The average output power of the MOPA as a function of the incident pump power is shown in Fig. 7 (blue line with squares). Thanks to the kidney shaped fiber geometry, the amplification efficiency of the MOPA at the highest pump power level is increased to ∼62.1%. Besides, the coupling efficiency of the home-made MFA is in excess of 80% in a high-power operation condition. By launching the power-amplified pulses into the PCF via the MFA, an SC with the output average power of 30.6 W is generated, which is also shown in Fig. 7 (red line with triangles) . Considering the 80% coupling efficiency of the MFA, the optical-to-optical conversion efficiency of the PCF at the highest pump power level is estimated to be ∼60%.
The SC spectra measured by two different optical spectrum analyzers (AQ6373 and AQ6375) with spectral resolution of 1 nm are clearly shown in Fig. 7 . At the output power of 30.6 W, a wider and flatter SC spectrum ranging from 385 nm to beyond 2400 nm is obtained. The longer wavelength cannot be measured due to the limitation of the optical spectrum analyzer AQ6375 (1200-2400 nm). The short wavelength edge of 385 nm is clearly seen in the inset of Fig. 8 , which shows the SC output spectrum in the range of 350 nm to 780 nm (including the whole visible region). Nevertheless, in order to increase the PCF facet damage threshold, a piece of 40 cm-long multi-mode fiber with an 8°angle cleaved facet is served as the end-cap, which also causes the generated SC spectra fluctuating in measured region. Because most of the fluctuations can be eliminated by removing the end-cap, an effective method to increase the damage threshold of PCF at a high output power level is highly desired. Under current situation, the 10 dB bandwidth of the generated SC is ∼1500 nm (550∼1150 nm, 1200∼2100 nm). Meanwhile, in order to evaluate the power stability of the generated SC, the output power is recorded every 1 minute for a total lasting time of 15 minutes. The recording time is short because the laboratory is not a clean room, which may lead to a potential risk to the SC source working at a high power level. The power stability curve is shown in Fig. 9 and the root mean square error (RMSE) is calculated as 0.372W. The slight fluctuation of the measured output SC power may be caused by three factors: the variation of the center wavelength of the giant-chirped DS; the accumulation of dust particles on the output end of the multi-mode fiber (end-cap); and the temperature variation which may affect the output power of the pump LDs.
Conclusion
In conclusion, we have experimentally demonstrated an all-fiber high power, blue-enhanced SC generation in a piece of uniform PCF pumped by a picosecond Yb-doped MOPA. The MOPA source is seeded by an actively DS mode-locked Yb-doped fiber laser with a fundamental repetition rate of ∼15.33 MHz. The seed pulse duration can be compressed from ∼20.4 ps to ∼7.6 ps through a pair of gratings, indicating that the DS seed pulse has a large chirp. A 3.8 W output power SC spanning from 418 nm to beyond 2400 nm can be obtained using the large-chirped DS as the seed. By further introducing giant chirp to the seed pulses through a piece of 1.19 km-long SMF, and optimizing the pump power in every stage of the MOPA, a SC with 30.6 W output average power and an extremely wide spectrum of 385 nm to beyond 2400 nm is obtained. The generated SC is stable under laboratory condition for a measuring time of 15 minutes. Future work will focus on the generation of wider, flatter SC with higher output average power.
